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Summary
Objective: Various strategies have been tested to direct and control matrix synthesis in tissue engineered cartilage, including mechanical
stimulation of the construct both before and after implantation. This study examined the effects of oscillatory compression on chondrocytes
in a fibrin-based tissue engineered cartilage.
Design: Chondrocyte-seeded fibrin gels were cultured under unconfined mechanical compression for 10 or 20 days (free-swelling, 10%
static, or 10±4% at 0.1 or 1 Hz). During the culture period, accumulation of nitrite, sGAG, and proteolytic enzymes in the culture media were
monitored. Following culture, the mechanical stiffness and biochemical content of the gels (DNA, sGAG, and hydroxyproline content and
GAG -disaccharide composition) were assessed.
Results: Compared to free-swelling conditions, static compression had little effect on the mechanical stiffness or biochemical content of the
gels. Compared to static compression, oscillatory compression produced softer gels, inhibited sGAG and hydroxyproline accumulation in the
gels, and stimulated accumulation of nitrite and sGAG in the culture media. Minimal differences were observed in DNA content and
-disaccharide composition across treatment conditions.
Conclusions: In this study, oscillatory compression inhibited formation of cartilage-like tissues by chondrocytes in fibrin gels. These results
suggest that the effects of mechanical stimuli on tissue engineered cartilage may vary substantially between different scaffold systems.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
Articular cartilage lines the opposing surfaces of articulat-
ing joints, providing a durable, low-friction bearing surface.
The tissue is composed of chondrocytes residing in a highly
hydrated matrix comprised primarily of type II collagen and
aggrecan, a large, aggregating proteoglycan1,2. The matrix
of articular cartilage is normally synthesized and main-
tained by the chondrocytes, but disease or trauma can
cause damage which exceeds the cells’ ability to compen-
sate3,4. Focal injuries can lead to altered joint mechanics,
and matrix degradation fragments can stimulate proteolysis
by the cells5,6. Such changes can lead to further deteriora-
tion of the joint, resulting in a downward spiral of joint
degradation, chronic pain, and debility. While mild to
moderate defects can be treated with arthroscopic
surgeries and drug therapies, these treatments are largely
symptomatic and do not prevent or reverse degradation of
the joint. It may be possible to treat focal defects with living
tissue-engineered cartilage, thus restoring the functionality
of the joint with a material capable of remodeling and
integrating completely into the host. To such an end,
numerous studies have demonstrated the possibility of
transplanting chondrocytes into focal defects, with or
without scaffold materials, to restore the articular
surface7–9.
Previous studies have demonstrated that cartilage
explants and isolated chondrocytes cultured in polymer
carriers will respond to mechanical stimulation with altered
matrix synthesis. Static compression inhibits cell prolifer-
ation and matrix synthesis of tissue explants10,11, as well as
cells grown in agarose12,13, alginate14, and collagen15 gel
cultures. Static loading also inhibits collagen types I and II
gene expression in explant16 and collagen gel15 cultures,
but may not affect long-term expression of aggrecan core
protein mRNA17. In contrast, dynamic compression stimu-
lates matrix synthesis and gene expression in tissue11,18,
agarose12,13, alginate19, and collagen15 cultures.
These studies have demonstrated the short-term
response of cartilage and chondrocytes to mechanical
stimuli, and recent work has suggested that some engi-
neered cartilages may benefit from long-term mechanical
compression as well. Mauck et al.20demonstrated that
oscillatory compression of chondrocyte-seeded agarose
gels over 28 days resulted in a dramatic increase in
equilibrium modulus as compared to free-swelling controls.
However, the cell-scaffold interactions in agarose gels are
substantially different from those in protein scaffolds. In
agarose, the cells are unable to bind directly to the scaffold
material and instead bind to the new pericellular matrix as it
is deposited. In protein scaffolds, cell adhesion molecules
(e.g. integrins) can immediately bind to the scaffold
material. These differences in cell binding may result in
important differences in cell signaling and cell behavior. In
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particular, the cellular response to mechanical stimuli may
be affected. Identical macroscopic mechanical stimuli
may be perceived differently by cells in different scaffolds
depending on the local micromechanical environment.
Fibrin is a protein matrix produced from fibrinogen, which
can be autologously harvested from the patient, providing
an immunocompatible scaffold for delivery of cells. Several
studies have demonstrated the efficacy of fibrin for culturing
chondrocytes in vitro21–23 and treating articular cartilage
defects in vivo24–26. Whereas scaffolds like agarose are
resistant to degradation by the cells, protein matrices like
collagen and fibrin can be readily remodeled and replaced
as the engineered tissue grows and matures. Indeed,
Seliktar et al.27 demonstrated that mechanical conditioning
of collagen-based vascular constructs stimulated synthesis
and activation of MMP-2 and simultaneously resulted in a
stronger construct. However, this can be detrimental if the
cells degrade the scaffold faster than they synthesize and
assemble new matrix material. Study of both anabolic and
catabolic activity in tissue engineering systems may lead to
a better understanding of the balance between matrix
synthesis, degradation, and remodeling.
We hypothesized that sustained oscillatory compression
of chondrocyte-seeded fibrin gels would result in increased
mechanical properties and biochemical composition. The
specific objectives of this study were to investigate the
effects of up to 20 days of mechanical compression on
the mechanical behavior and biochemical composition of
chondrocyte-seeded fibrin gels.
Methods
MATERIALS
Bovine stifle joints were from Research 87, Marlborough,
MA. Papain was from Worthington Biochemical.
Collagenase type 2, high-glucose Dulbecco’s modified
Eagle’s medium (DMEM), non-essential amino acids
(NEAA), sodium pyruvate, L-glutamine, gentamicin, and
low melting point agarose were from Gibco BRL, and fetal
bovine serum was from Cellgro. Ascorbate, aminocaproic
acid (ACA), neomycin, kanamycin, L-cysteine, Hoechst
33258 dye, sodium cyanoborohydride, ammonium acetate,
dimethylsulfoxide (DMSO), and bovine plasmin were from
Sigma. Bovine fibrinogen and bovine thrombin were from
ICN Biomedical. Dimethyl-methylene blue (DMMB) dye
was from Aldrich Chemicals. MONO composition gels were
from Glyko. Chondroitinase ABC, chondroitinase AC, hy-
aluronidase, and -disaccharide residues (-DiHA,
-Di4S, -Di6S, -Di0S, and -DiSE) were from Calbio-
chem. 2-aminoacridone (AMAC) was from Molecular
Probes. Prestained low-molecular weight markers were
from Bio-Rad. The Griess Reagent System was from
Promega.
GEL ASSEMBLY AND CELL CULTURE
Articular chondrocytes were isolated from 2–3 week old
bovine stifles on the day after sacrifice. Cartilage was
excised from the patellofemoral groove and diced into
∼1 mm3 pieces, soaked in DMEM containing 0.05 mg/ml
Neomycin and 0.1 mg/ml Kanamycin for 24 h, and then
transferred to 0.2% type 2 collagenase in DMEM (10 ml per
gram of tissue) for 24 h in a 37°C, 5% CO2 incubator. After
centrifugation at 160×g for 5 min, the cells were rinsed
twice with DMEM and cryopreserved at −196°C (1°C per
minute cooling to −80°C followed by flash freeze to
−196°C) in DMEM containing 20% FBS and 10% DMSO
until needed.
Cells were thawed and counted on a Coulter Counter,
and cell viability was separately determined using trypan
blue exclusion (viability was >95%). Fibrin gels were
assembled by suspending cells in a solution of bovine
fibrinogen, FBS, aminocaproic acid (to inhibit activity of
tissue plasminogen activators released by chondrocytes in
culture), and DMEM. Bovine thrombin was dissolved in
40 mM CaCl2, and 10 l of the thrombin solution was placed
into each well of a polycarbonate mold (11 mm diameter
by 3 mm depth), followed by 300 µl of the cell/fibrinogen
mixture. Final concentrations in the gels were 50 mg/ml
fibrinogen, 50 U/ml thrombin, 10% FBS, 2 mg/ml ACA, and
107 cell/ml. Gels were allowed to polymerize in a 37°C, 5%
CO2 incubator for 30 min and then released from the molds
and transferred to 24-well culture dishes containing 2 ml
culture media (described below). Gels were pre-cultured in
free-swelling conditions for 3 days prior to compression.
Gels were cyclically compressed in a custom-designed
bioreactor system, consisting of removable bioreactor
cassettes mounted onto a digitally controlled electro-
mechanical load frame operating under displacement con-
trol (Fig. 1). The upper and lower platens of the bioreactor
chambers were impermeable, while the lateral aspect of
the constructs was unconstrained in either fluid flow or solid
deformation. The upper halves of the bioreactor cassettes
were attached to the mobile plate of the load frame, and the
lower halves to the stationary plate. The body of a linear
stepper motor was attached to the stationary plate, and the
mobile plate rode on the motor’s lead screw, guided by
three stainless steel guide-rods. The stepper motor was
driven by a custom digital controller, and lead screw rota-
tion was confirmed with a rotary encoder. The entire load
frame was housed inside a 37°C, 5% CO2 incubator for
experiments. Statically compressed control gels were
housed in identical bioreactor cassettes that were clamped
in a fixed position, with compression limited by precision-
machined spacers [Fig. 1 b]. Each bioreactor cassette held
eight samples in independent culture wells containing 1 ml
of medium, and two cassettes were mounted onto each
load frame. Gels were cultured in one of four conditions
(N=16 each): no compression (free swelling),
static compression by 10% of the original thickness, or
oscillatory compression at either 0.1 or 1 Hz, with a ±4%
sinusoidal compression superimposed on a 10% static
offset compression. As fibrin gels of this composition are
dimensionally stable over at least 5 days in free-swelling
culture, all compression levels were based on the original
gel thickness. These culture conditions were chosen to be
comparable to those found in similar studies in the litera-
ture12,20. Additional gels (N=8) were evaluated immediately
after the pre-culture period as baseline controls.
Except as noted, gels were cultured in DMEM containing
10% FBS, 0.1 mM NEAA, 4 mM L-glutamine, 1 mM Sodium
Pyruvate, 5 µg/ml gentamicin sulfate, 2 mg/ml aminocap-
roic acid, and 50 µg/ml ascorbic acid. Compression con-
ditions were applied continuously for the entire culture
period except for medium changes every 2 days.
MECHANICAL BEHAVIOR
At each harvest time point (0, 10, and 20 days), gels
(N=8 per condition) were removed from culture. Mechanical
behavior, i.e. dynamic stiffness, was evaluated using
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unconfined compression testing under displacement con-
trol. Sample diameter and thickness were measured with a
digital caliper. Samples were then positioned between
impermeable platens on a DDL 650R electromechanical
load frame and were immersed in normal saline solution at
room temperature throughout the test. Samples were com-
pressed by 10% of measured thickness at a rate of 2% per
second, then allowed to relax for 30 min (preliminary
studies indicated that the gels reached steady-state well
within this time). A 4% amplitude sinusoidal strain was then
imposed for three cycles each at frequencies of 0.001,
0.01, 0.1, and 1.0 Hz (preliminary measurements indicated
that the third cycle was adequately representative of the
steady-state oscillatory response). The force response data
from the third cycle of each frequency was analysed using
a Fast Fourier Transform algorithm (Matlab™), and the
amplitude of the first harmonic was used to calculate the
dynamic stiffness (first harmonic of force divided by sample
area, divided by applied test strain). It should be noted that
the dynamic stiffness is not an intrinsic material property,
but rather a functional measurement of the stiffness
of a sample of specific dimensions at the indicated
frequencies. Extraction of intrinsic material properties could
be achieved by fitting a particular constitutive model to the
recorded data, but additional tests would be required
to determine those properties with a high degree of
confidence.
SULFATED GAG, HYDROXYPROLINE, AND DNA CONTENT
After mechanical testing, gels were lyophilized and
resuspended in 500 µl of PBS containing 10 mM EDTA,
10 mM L-cysteine, and 3 U/ml papain and incubated at
55°C overnight. The digest was then assayed for sulfated
GAG (sGAG) using the DMMB dye-binding assay28,
hydroxyproline using the p-DAB assay29,30, and DNA con-
tent using the Hoechst dye-binding assay31. Additional gels
from all loading conditions were fixed in neutral buffered
formalin, embedded in paraffin, sectioned (5 µm), and
stained with safranin-O to visualize cell morphology and
sGAG distribution.
GLYCOSAMINOGLYCAN -DISACCHARIDE ANALYSIS
Glycosaminoglycan fine structure was analysed using
fluorophore-assisted carbohydrate electrophoresis (FACE)
to analyse the internal -disaccharide composition32–34.
This technique involves enzymatically digesting the glycos-
aminoglycan chains into their component -disaccharides,
fluorescently tagging the reducing ends, and separating the
tagged -disaccharides on MONO composition gels.
Samples were lyophilized and digested in 500 µl papain
as described above. A 250 µl portion of each digest was
precipitated with 750 µl ice-cold ethanol for 4 h at −20°C
and further pelleted by centrifugation at 15 000×g for
Fig. 1. Dynamic uniaxial compression system. Bioreactor cassettes (a,b) hold eight samples each in separate culture wells, and can be
configured for static compression with spacers (b) or mounted onto the loading frame (c) for dynamic compression (two cassettes per frame).
Two independent load frames and all related control conditions fit into a standard tissue culture incubator (d).
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20 min. The supernatants were removed, and the pellets
were re-suspended in 500 µl tissue culture grade water.
Volumes from each sample containing 5 µg GAG were
dried in a speed-vac, re-suspended in 100 µl of 50 mM
ammonium acetate, and digested at 37°C for 16 h with
10 mU of chondroitinase ABC, 10 mU of chondroitinase
AC, and 10 mU of hyaluronidase. The secondary digests
were precipitated with 900 µl of ice-cold ethanol at −20°C
for 2 h and then centrifuged at 15 000×g for 20 min. The
pellets were discarded, and the supernatants were dried in
a speed-vac.
Each dried sample was mixed with 5 µl of AMAC solution
(0.1 M AMAC in DMSO:acetic acid, 85:15 v/v). A 10 µl
volume of 0.5 M sodium-cyanoborohydride in water was
added to each sample, and the samples were incubated for
16–20 h at 37°C in the dark. The samples were cooled to
room temperature, and 15 µl of heated glycerol was added.
A 5 µl volume of the resulting solution was run on a MONO
composition gel at 500V for 60–65 min (until the salt front
neared the bottom of the gel). The completed gels were
placed on a UV transilluminator table and imaged with a
Kodak EDAS 120 gel documentation system. Band inten-
sity and position was correlated to the standard ladder to
determine the quantity and identity of each -disaccharide
present in the sample. Note that chondroitin 4-sulfate and
dermatan sulfate both contain Di-4S, and further analysis
would be required to differentiate between these two
GAGs.
MEDIA ANALYSIS
Aliquots of media from every gel at each medium change
(every 2 days) were collected and analysed for sGAG and
nitrite content. For a given gel, cumulative release was
determined by adding up the measured release from all
previous time points. Nitrite (NO2−), a degradation product of
nitric oxide, was measured using the Griess Reagent
System according to manufacturer’s specifications. Sul-
fated glycosaminoglycans in the medium were measured
using the DMMB dye binding assay.
After 10 days of culture, the medium was assayed for the
presence of active degradative enzymes, as determined
with fibrinolytic and gelatinolytic zymography of media
samples35,36. Culture medium was replaced with serum-
free medium for the final 24 h of culture (day 10), then
collected and analysed. Media samples were electro-
phoretically separated on 0.75 mm-thick 12% SDS-PAGE
gels containing either 0.12% (w/v) fibrin or 0.1% (w/v)
gelatin at 100V for 2 h. Gels were washed in 2.5% Triton
X-100 and incubated in reaction buffer (30 mM Tris, pH 7.4,
200 mM NaCl, and 0.02% NaN3 for fibrin substrate; 25 mM
Tris, pH 7.4, 10 mM CaCl2, 0.0005% Brij-35 for gelatin
substrate) at 37°C for 15 h. In order to differentiate the
activity of matrix metalloproteinases (MMPs) from other
enzymes, identical gels were incubated in reaction buffer
containing an additional 10 mM EDTA (to prevent MMP
activation). Gels were then fixed in 30% methanol for 1 h
and stained with Coomassie blue. Proteins having fibrino-
lytic or gelatinolytic activity were visualized as areas of lytic
activity on an otherwise blue gel. Migration of proteins was
compared with that of prestained low-molecular-weight
range markers and purified bovine plasmin.
STATISTICAL ANALYSIS
Data from experimental groups were examined using
two-way ANOVA with compression condition and time point
as factors (significance at or below P=0.05) and Tukey’s
test for post-hoc comparisons between individual groups.
Additionally, the log of the oscillatory testing frequency was
treated as a covariate for analysis of the dynamic stiffness
data. Comparisons to the uncultured day 0 control group
were examined independently for day 10 and day 20 using
one-way ANOVA with group as the factor and a reduced
alpha value (significance at or below P=0.025). Correla-
tions between measurements were determined using
Pearson’s product moment correlation (significant at or
below P=0.05).
Results
Safranin-O staining of sectioned gels did not reveal any
gross morphological differences between the treatment
conditions (Fig. 2). No clear signs of large-scale degrada-
tion (e.g., voids in the matrix or sGAG-depleted regions)
were noted. Cells from all conditions and time points were
small (∼10 m diameter), mononuclear, and rounded. No
evidence of platen liftoff (zero minimum force during a
loading cycle) was seen in any samples at any mechanical
testing frequency, suggesting that the samples had in fact
remained in continuous contact with the platens throughout
the culture period.
After 10 days of culture, the DNA (P=0.002), sGAG
(P<0.001) and hydroxyproline (P<0.001) contents of all
treatment groups were higher than the day 0 baseline
levels (Fig. 3). After 20 days of culture, the DNA contents
were above baseline for statically compressed (P=0.006)
and 0.1 Hz cyclically compressed (P=0.021) gels, but not
for free swelling (P=0.036) or 1 Hz cyclically compressed
(P=0.99) groups. (Recall that P<0.025 indicates signifi-
cance for comparisons to the baseline group.) After
20 days, both the sGAG and hydroxyproline contents were
above baseline for free swelling, statically compressed and
0.1 Hz cyclically compressed gels (P<0.001), but not for
1 Hz cyclically compressed gels (P=0.041 and P=0.056,
respectively). The ANOVA for experimental groups indi-
cated that the DNA content of 1 Hz cyclically compressed
gels was significantly lower than that of free swelling
(P=0.038) or statically compressed (P=0.041) gels, with no
other significant differences between compression groups
or between day 10 and day 20 (P=0.93). The sGAG
contents of 0.1 Hz and 1 Hz cyclically compressed gels
were significantly lower than free swelling (P<0.001) and
statically compressed (P<0.001) gels, with no other signifi-
cant differences between compression groups or between
day 10 and day 20 (P=0.68). Overall, the hydroxyproline
content was higher for free swelling gels than for all
compressed groups (P<0.001), was higher for statically
compressed gels than 0.1 Hz (P=0.006) or 1 Hz
(P<0.0001) cyclically compressed gels, and was higher for
0.1 Hz than 1 Hz (P=0.015) cyclically compressed gels. At
10 days, although the hydroxyproline contents of free
swelling gels was significantly higher than static (P=0.019),
0.1 Hz (P<0.001) and 1 Hz (P<0.001) compression
groups, there were no significant differences between com-
pression groups (P>0.76). Hydroxyproline content was
significantly higher on day 20 than on day 10 (P<0.001)
except for gels cyclically compressed at 1 Hz (P>0.99)
(Fig. 3).
The gel thicknesses were stable over the 20 day culture
period (Fig. 4), with no significant differences from baseline
at day 10 (P=0.26) or day 20 (P=0.058). The ANOVA
indicated that the thickness varied between compression
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conditions (P=0.045) although none of the between group
comparisons were significant (P=0.070 for free swelling vs
static). In contrast, the diameters (Fig. 4) of the 1 Hz
cyclically compressed gels were significantly lower than
baseline at both 10 days (P=0.012) and 20 days (P=0.003).
The diameters of the 1 Hz cyclically compressed gels were
significantly lower than the diameters of free swelling
(P<0.001), statically compressed (P<0.001) or 0.1 Hz
cyclically compressed (P=0.004) gels, with no significant
differences between day 10 and day 20 (P=0.30). It should
be noted that the standard errors for the diameters of the
cyclically compressed gel groups were high because
the diameters of some gels decreased substantially while
the diameters of other gels in the same groups remained
stable.
The dynamic stiffness increased significantly with
increasing log frequency (P<0.001) across gel groups
(Fig. 5), with a slope higher than baseline on day 10 for
the free swelling (P<0.001) and 0.1 Hz oscillatory com-
pression (P=0.013) groups and no differences from the
baseline slope on day 20 (P=0.74). At day 10, the dy-
namic stiffness was higher than baseline for free swelling
(P<0.001), static compression (P<0.001) and 0.1 Hz oscil-
latory compression (P=0.007) groups but not for the 1 Hz
oscillatory compression group (P=0.33). At day 20, the
dynamic stiffness was higher than baseline for free swell-
ing (P<0.001) and static compression (P<0.001) groups,
but not for the 0.1 Hz (P=0.84) or 1 Hz (P=0.72) oscilla-
tory compression groups. The analysis of the experimen-
tal groups indicates that the dependence on log
frequency was greater on day 10 than on day 20
(P<0.001). The dynamic stiffness was higher for free
swelling and statically compressed gels than for 0.1 Hz
and 1 Hz cyclically compressed gels (P<0.001), with no
difference between free swell and statically compressed
gels (P=0.88) or between 0.1 Hz and 1 Hz cyclically
compressed gels (P=0.73). Dynamic stiffness on day 10
was higher than on day 20 (P<0.001) for all groups
except the statically compressed gels (P=0.35).
For pooled data involving all eight experimental groups,
the dynamic stiffness correlated positively with both sGAG
(P<=0.001, r=0.40 to 0.56) and hydroxyproline (P<=0.002,
r=0.38 to 0.56) contents at all frequencies, and correlated
positively with DNA content (P=0.019 to 0.036, r=0.26 to
0.29) at all frequencies but 1 Hz (Fig. 6). The sGAG content
correlated positively with the hydroxyproline content
(P<0.001, r=0.65) and the DNA content correlated posi-
tively with both sGAG (P=0.005, r=0.35) and hydroxy-
proline contents (P<0.001, r=0.52), making it difficult to
associate changes in dynamic stiffness with specific
changes in gel composition rather than general maturation
effects (Fig. 7).
The FACE analysis did not indicate any significant
differences between treatment conditions for any of the
sulfated -disaccharide residues (Di-4S, Di-6S, Di-
SE), expressed as a percentage of total measured
-disaccharide. However, the relative content of unsulfated
-disaccharide (Di-0S) was lower in compressed gels.
Statically compressed gels contained significantly less
?Di-0S than free-swelling gels (P<0.001), and gels
Fig. 2. Safranin-O staining of fibrin gels at day 10 of culture. Left: free-swelling; right: 1 Hz oscillatory compression.
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compressed at either 0.1 Hz or 1 Hz contained significantly
less ?Di-0S than statically compressed gels (P=0.013 and
P=0.008, respectively) (Table I).
Media assays at day 10 indicated that enzyme activity
also changed in response to oscillatory compression.
Zymograms indicated that active fibrinolytic and gelatino-
lytic enzymes were present in the medium of all gels.
Gelatin zymograms indicated multiple enzymes with a wide
range of molecular weights, and the banding patterns were
different in the free-swelling vs the loaded gel conditions.
Some large molecular weight (∼216 and ∼132 kDa)
enzymes decreased in activity in loaded gels, while some
smaller molecular weight enzymes increased in activity
(Fig. 8a). Fibrin zymograms indicated one band of lytic
activity, with the band position corresponding to that
of purified bovine plasmin [Fig. 8 b]. There were no clear
Fig. 3. DNA, sGAG, and hydroxyproline contents of gels at day 0 and after 10 or 20 days of culture. Stars indicate P<0.05 vs ‘free-swell’,
daggers indicate P<0.05 vs ‘static’, and asterisks indicate P<0.025 vs ‘day 0’. Differences between day 10 and day 20 are discussed in the
text (mean±S.E.M., N=8).
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differences in the levels of fibrinolytic enzymes between
treatment conditions. Neither gelatinolytic nor fibrinolytic
enzymes were inhibited by EDTA in the reaction buffer,
suggesting the lack of active metalloproteinases.
Compared to free-swelling gels, cumulative release of
nitrite from statically compressed gels was significantly
greater starting on day 6 of culture (Fig. 9) and cumula-
tive release of sGAG was significantly lower starting on
day 4 of culture (Fig. 10). Compared to statically com-
pressed gels, cumulative release of nitrite from cyclically
compressed gels was significantly greater starting on
day 6 of culture (Fig. 9) and cumulative release of sGAG
was significantly greater starting on day 4 of culture
(Fig. 10).
The total sGAG synthesis over the first 10 days was
determined by combining the gel sGAG content at day 10
and the cumulative media sGAG content up to day 10 of
culture. Free-swelling gels synthesized significantly more
sGAG than statically compressed gels (P<0.001) or gels
cyclically compressed at 0.1 Hz (P=0.003) or 1 Hz
(P<0.001). Statically compressed gels synthesized signifi-
cantly less sGAG than gels cyclically compressed at 0.1 Hz
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Fig. 4. Changes in geometry of cultured gels during culture. Stars indicate P<0.05 vs ‘free-swell’, daggers indicate P<0.05 vs ‘static’, and
asterisks indicate P<0.025 vs ‘day 0’. (mean±S.E.M., N=8).
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(P=0.009) and significantly more sGAG than gels cyclically
compressed at 1 Hz (P=0.049) (Fig. 11).
Discussion
Short-term compression of cartilage explants and engi-
neered tissues has suggested that mechanical stimulation
could be a powerful method of directing and modulating
tissue growth and maturation. Many studies have demon-
strated that short-term (∼24 h) compression stimulates
matrix synthesis rates in both native18,37 and engineered
cartilages15,20. In particular, Mauck et al.20 found that
long-term (∼28 day) cyclic compression of chondrocyte-
seeded agarose gels stimulated matrix accumulation and
produced a stiffer engineered tissue. Cyclic compression
of chondrocyte-seeded alginate gels, however, did not
produce comparable effects. Combined with evidence
that chondrocyte biosynthesis can vary considerably
depending on the scaffold material34,38 these results
suggest that the response to mechanical stimuli may
also vary with scaffold material. This variability could
substantially influence how the mechanical environment
can be used to modulate growth of tissue engineered
cartilage. Therefore it is important to develop an increased
understanding of how different scaffolds directly or
indirectly influence the chondrocyte response to
mechanical stimulation.
Fig. 5. Dynamic stiffness of gels at day 0 and 10 days of culture (top) or 20 days of culture (bottom). See the text for a discussion of statistical
significance. (mean±S.E.M., N=8). The inset shows the force vs time at 0.1 Hz for a representative sample.
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The possible mechanisms by which the scaffold material
could influence the cellular response to mechanical forces
include differences in mechanical properties, degradation
products, and cell-matrix interactions. In the case of fibrin
gels, the latter mechanism may play an important role in the
results of this study. The mechanical signals transmitted to
cells may vary substantially between different scaffold
environments. Chondrocytes in native tissue are embed-
ded in a fairly stiff extracellular matrix of collagen, proteo-
glycans, and other molecules. The cell is bound to this
matrix via cell adhesion molecules, which can transfer
matrix strains to mechanosensitive ion channels or directly
to the cytoskeleton. In contrast, chondrocytes seeded into
agarose or alginate gels are initially embedded in a soft
polysaccharide matrix to which they can not directly
bind. Little if any mechanotransduction will occur via cell
adhesion molecules until the cells secrete a new pericellu-
lar matrix. Chondrocytes in fibrin or collagen gel cultures
are embedded in a three-dimensional, soft protein matrix to
which the cells can immediately adhere, and mechano-
transduction mediated by cell adhesion molecules may
play a role in these scaffolds. In this sense, early transduc-
tion patterns in protein gels may be more representative of
those in native tissue. Differences in mechanical properties
(e.g., stiffness, permeability) and the local physicochemical
environment (e.g., fixed charge density, pH) may also
substantially alter local loading-induced phenomena such
as fluid pressure, fluid flow induced shear stress, or nutrient
transport, any of which could play a role in mechanotrans-
duction. Because polysaccharide and protein gels are
orders of magnitude softer than native tissue and the cells
reside in different physicochemical environments, the cells
may be exposed to substantially different local phenomena
than they would see in native tissue under identical macro-
scale mechanical loading. Chondrocytes in different
scaffolds may therefore respond differently to a given
macroscopic mechanical stimulus, and results from
one scaffold may not be directly applicable to a different
system.
In these studies, cyclic unconfined compression pro-
duced engineered tissues with less hydroxyproline (indicat-
ing less collagen) and less sGAG (indicating less
proteoglycan) content. The compressed gels were also
softer, possibly due to the reduced extracellular matrix
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Fig. 6. Correlations between dynamic stiffness and biochemical content. All correlations were significant at P<0.05, except between stiffness
at the 1 Hz test frequency and DNA content (P=0.066).
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accumulation, increased matrix catabolism, or both. Thus it
would appear that continuous oscillatory compression
inhibited the formation of healthy tissue engineered carti-
lage in fibrin scaffolds. Interestingly, these results are
opposite to those found by Mauck et al.20 in agarose
scaffolds. One important difference between the two
studies is that Mauck used intermittent periods of oscilla-
tory compression (3 consecutive 1 h-on-1 h-off cycles per
day), while our study used continuous oscillatory com-
pression (24 h per day). It is possible that intermittent
compression—e.g. stimulation interspersed with periods of
rest—might enhance tissue formation. Several studies
have suggested that bone tissue requires such rest periods
in order to respond to extended mechanical loading. This
‘mechanosensory saturation’ results in decreased sensi-
tivity to mechanical stimuli, and periods of recovery
between stimulation appear to restore sensitivity39. If a
similar phenomenon occurs in cartilaginous tissues, the
continuous loading applied in the current study may
have ‘saturated’ the cells’ sensitivity, and better tissue
formation might have occurred under an intermittent com-
pression regimen. Alternatively, the continuous stimulation
may have been perceived by the cells as an overuse,
resulting in decreased matrix synthesis or increased matrix
catabolism. Further studies are required to distinguish
between effects due to the particular loading protocol
and those due to other characteristics of the cellular
environment.
The assays used in this study did not conclusively
indicate whether the differences in construct growth and
maturation were the result of changes in matrix synthesis or
in matrix degradation rates. The release of glycosaminogly-
cans to the medium may have been due to changes in
proteoglycan synthesis (from larger to smaller, more mobile
proteoglycans) or aggregability, catabolism of the proteo-
glycan matrix, or a simple ‘washing out’ of unincorporated
glycosaminoglycans due to convective transport. Our
results indicate that enzymatic activity was altered by
oscillatory compression, which may partially explain the
change in matrix accumulation. Expression of gelatinolytic
enzymes changed (both increasing and decreasing
activity), while activity of the single fibrinolytic enzyme
appeared to be unchanged by compression. This would
suggest that chondrocytes were actively cleaving the
matrix in all four conditions, but that the manner of
enzymatic activity was changed with the application of
oscillatory compression.
In cartilage, nitric oxide release is often associated with
matrix degradation40. Injurious mechanical compression
stimulates nitric oxide release41, as does the cytokine
IL-142. Inhibitors of nitric oxide synthesis appear to prevent
matrix degradation and the onset of arthritis43. The
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Fig. 7. Correlations between the three biochemical components measured. All three correlations were significant at P<0.05.
Table I
Glycosaminoglycan -disaccharide content derived from chondroitin and dermatan sulfate, day 20. Values are
expressed as the fraction of total -disaccharide measured
Free-swell Static 0.1 Hz 1 Hz
0S/Total 0.176±0.006† 0.138±0.010* 0.100±0.009†,* 0.104±0.006†,*
6S/Total 0.432±0.013 0.447±0.022 0.480±0.015 0.492±0.035
4S/Total 0.350±0.011 0.385±0.015 0.392±0.018 0.358±0.025
SE/Total 0.073±0.007 0.075±0.004 0.105±0.004 0.072±0.015
*Indicates P<0.05 vs ‘free-swell’.
† Indicates P<0.05 vs ‘static’ (mean±S.E.M., N=8).
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increased nitrite levels in the conditioned media of com-
pressed constructs are consistent with an increase in
matrix catabolism under oscillatory compression.
Whatever the mechanisms—decreased synthesis,
altered synthesis, or increased catabolism—the net result
was a decreased accumulation of proteoglycan in cyclically
compressed gels. This is particularly interesting when we
recall that the principle mechanical function of the proteo-
glycan network is to withstand compressive loads. It is
commonly believed that cells and tissues adapt to their
mechanical environment, so we would expect production of
a matrix better capable of withstanding the imposed com-
pression. In the present experiments, the opposite was
observed.
The effects of compression in fibrin gels were almost
completely opposite to those observed in agarose gels. In
agarose, compression inhibits nitric oxide synthesis44,
stimulates matrix synthesis12,13, and generates stiffer
gels20. Fundamental differences between the natures of
cell-matrix environments in different scaffolds may con-
tribute to the differences in chondrocyte behavior in these
different systems. Agarose is a polysaccharide matrix
that the cells cannot directly bind to. Once they start to
elaborate a new pericellular matrix, the cells will presum-
ably interact with it using their ‘normal’ ECM receptors (21
integrins, CD44, etc.). In contrast, the chondrocytes could
immediately bind to the fibrin scaffold, but the receptors
involved (e.g., 51 or v3 integrins)45 would be different
from those used to bind collagen or hyaluranon46. Binding
and activation of integrins may substantially change the
behavior of chondrocytes47,48, and may in turn influence
the cellular response to mechanical stimuli. These recep-
tors can cause changes in cell behavior, such as secretion
of IL-149, altered expression of mRNA for aggrecan and
matrix metalloproteinases50, and phosphorylation of intra-
cellular signaling molecules51. Differences in cell-scaffold
interactions may be important determinants of chondrocyte
behavior in different scaffolds, and further studies are
required to fully address this issue.
Mechanical compression may be a potent means of
enhancing the growth and development of tissue
engineered cartilage, both in vitro and in vivo. While
Fig. 8. Enzymatic activity in the media of loaded fibrin gels. Lane 1:
mass ladder; lanes 2–3: free swell; lanes 4–5: static; lanes 6–7:
0.1 Hz; lanes 8–9: 1 Hz; lane 10: purified bovine plasmin. (a)
gelatin substrate; (b) fibrin substrate. Addition of 10 mM EDTA to
the reaction buffer had no detectable effect on enzymatic activity
(not shown).
&XPXODWLYH1LWULWHLQ0HGLD
Fig. 9. Cumulative nitrite in the media. From day 6 on, levels for all compression groups were significantly higher (P<0.05) than that for the
free-swell group, and levels in both oscillatory compression groups were significantly higher (P<0.05) than that for the static compression
group (mean±S.E.M., N=8).
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considerable evidence exists that compression may stimu-
late tissue formation in other scaffold systems, the current
study suggests that in some circumstances fibrin-based
cartilage may respond adversely to mechanical compres-
sion. Any repair tissue will experience substantial mechan-
ical forces in vivo, and the response of the tissue to these
forces will affect not only the repair, but the surrounding
tissues as well. For example, the soluble molecules de-
tected in this study—nitric oxide, proteoglycan fragments,
and degradative enzymes—will not only damage the engi-
neered tissue, but may also cause degradation in the
surrounding cartilage tissue, thus impairing the joint repair
process. When designing a tissue engineered cartilage, it
will be important to take into account how the native and
repair tissues will interact in vivo, as these interactions may
have a dramatic impact upon the ultimate success or failure
of the repair.
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